ABSTRACT. Studies of genetic diversity in plant species present in the remaining fragments of the Atlantic Forest are very important for understanding their resilience to such a degraded ecosystem. We analyzed the genetic diversity of 3 populations of the high-density understory species Metrodorea nigra St. Hill. (Rutaceae) located in forest remnants in the region of Ribeirão Preto, SP, Brazil (M13-Rib, BSQ-Rib, and FACCrav), by using simple sequence repeat (SSR) and inter-simple sequence repeat (ISSR) molecular markers for conservation purposes. A total of 133 polymorphic loci were observed in 136 inter-simple sequence repeat loci (average of 17 per primer). The Nei genetic diversity (H E ) was relatively high considering all populations (0.31). The BSQ-Rib population exhibited the highest value (0.27), followed by the M13-Rib (0.26) and FAC-Crav (0.24) populations. The simple sequence repeat markers analyzed showed a high number of alleles (K = 104), with an average of 14.85 alleles per locus. The average observed heterozygosity was 0.516 and the average expected heterozygosity was 0.771, ranging from 0.688 (FAC-Crav) to 0.765 (BSQ-Rib). The fixation indexes showed positive and significant differences from zero for all sample sets, indicating inbreeding, which may have resulted from the species' mating patterns and the barochoric seed dispersal system of M. nigra. Both markers indicated differentiation among populations, with higher values observed for inter-simple sequence repeat markers. No significant differences between juvenile and adult generations in any of the fragments were observed, indicating the resilience of M. nigra to the effects of fragmentation and reduced habitat.
INTRODUCTION
Habitat fragmentation is one of the major challenges in the conservation of biological diversity worldwide (Andrén, 1994) . By the beginning of the 21st century, the Atlantic forest had been severely reduced and fragmented, restricted to approximately 98,000 km², or 7.6% of its original constitution (Morellato and Haddad, 2000) . The deforestation and fragmentation of tropical forests have been intensely studied in recent decades. Much of the remaining forest cover is under intense anthropogenic pressures in fragments with less than 50 ha (Ribeiro et al., 2009 ). The suppression of native vegetation by agricultural activities and urban expansion as well as indiscriminate extraction, resulted in extreme fragmentation of the forest ecosystems in the Ribeirão Preto region in southwest Brazil (Kotchetkoff-Henriques, 2003) , drastically reducing forest genetic resources. Aguilar et al. (2008) recommended focusing on conservation efforts in fragmented environments for common and cross-pollinating species, to facilitate the understanding how fragmentation impacts these species over time. We examined the species Metrodorea nigra A. St.-Hill, a perennial tree of the Rutaceae family, which is frequently found in the Brazilian submontane semideciduous forests from the state of Paraná to Bahia (Souza et al., 2004) . Many characteristics of this species, such as anatomy and morphology (Souza et al., 2004 (Souza et al., , 2008 , floral biology, phenology, breeding systems, and flower visitors (Pombal and Morellato, 2000) , have been extensively studied. Small brownish violet or dark purple flowers with an unpleasant smell are observed between August and November depending on the region (Pombal and Souza et al., 2004) . Metrodorea nigra is often present in high population density; several authors have described its ecological importance and ability to adapt to conditions of the understory of the semideciduous seasonal forest (Durigan et al., 2000; Villela et al., 2006; Cassola, 2008) . It is considered to be a key species in the nutrients dynamics of this type of forest (Villela et al., 2006) and its presence is associated with the occurrence of large late-successional trees (Durigan et al., 2000; Bertoncini, 2003; Kotchetkoff-Henriques, 2003 , Cassola, 2008 Schwarcz et al., 2010) . However, under conditions of fragmentation, open glades, and selective logging, the population is reduced (Bertoncini, 2003; Villela et al., 2006) or completely disappears (Cassola, 2008) .
Molecular markers are powerful tools for studying genetic diversity in plant species. Simple sequence repeats (SSRs) are highly polymorphic multiallelic codominant markers that are particularly useful for analyzing genetic diversity within and between populations (Nybom, 2004) and frequently used to resolve the genetic relatedness of tree species (FerreiraRamos et al., 2008; Feres et al., 2009; Guidugli et al., 2012) . The polymerase chain reaction (PCR) amplification of inter-simple sequence repeats (ISSRs) can be used to rapidly differentiate between closely related individuals, as well as generate a large number of highly dominant polymorphic loci (Zietkiewicz et al., 1994) . In this study, we used molecular markers to analyze the genetic diversity, structure, and historical gene flow of 3 M. nigra populations located in forest remnants located of Ribeirão Preto (SP, Brazil) for conservation purposes. We analyzed the levels of genetic diversity of juvenile and adult trees and the differences between the 2 generations. We also examined how the disturbance historical size of the forest remnants influenced genetic diversity of the species and whether the studied populations were related in the past.
MATERIAL AND METHODS

Sampling and study sites
The studied remnants were 19-20 km apart from each other in the Ribeirão Preto region in the following locations: Fazenda da Bomba (M13-Rib, 21°19'45.90''S; 47°55'30.38''W), Bosque Municipal Fábio Barreto (BSQ-Rib, 21°10'26.37''S; 47°48'1.49''W), and Fazenda Águas Claras (FAC-CRAV, 21°17'54.22''S; 47°40'28.10''W). They exhibit large differences in size and historic disturbance, and were likely isolated in the late 19th century, as shown in Table 1 . Leaf samples tissue and GPS coordinates (GARMIN eTrex ® ) were collected from 200 individuals from the 3 selected fragments (Figure 1 ). Individuals were classified as adults or juveniles based on the diameter at breast height (DBH); juveniles were defined as individuals with DBH < 11 cm and adult individuals had DBH ≥ 11 cm. At all sampling sites, the presence of several juveniles surrounding adults, forming local clusters were observed. A few isolated individuals were also found and sampled.
DNA extraction and ISSR/SSR amplification
Total genomic DNA was extracted from the leaves of each sampled tree using the method described by Alzate-Marin et al. (2009) . Eight ISSR primers were selected from the University of British Columbia official list (UBC) ( Table 2) . PCR-ISSR reactions were performed in a final volume of 20 µL using the GoTaq Kit (Promega, Madison, WI, USA) consisting of 8 µL H 2 O, 8 µL master mix (400 nM of each dNTP and 3 mM MgCl 2 ), 2 mM primer, and 25 ng DNA. Amplifications were performed in an Eppendorf MasterCycler thermocycler (Eppendorf, Hamburg, Germany) using the following protocol: 96°C for 5 min, 30 cycles of denaturation at 94°C for 1 min, annealing at 50° for 30 s, and extension at 72°C for 2 min, and final elongation at 72°C for 7 min.
Five microsatellite (SSR) primer pairs (Mtn 1, Mtn 3, Mtn 13, Mtn 16, and Mtn 19) previously developed by Guidugli et al. (2012) were used in this study. To increase the number of SSR primers available for analysis, a new set of primers was designed according to the protocol described by Guidugli et al. (2012) , and 2 newly developed and highly polymorphic SSR primer pairs were obtained (Mtn 87 and Mtn 95, unpublished) . All microsatellite loci were amplified by PCR in a final volume of 15 µL using the GoTaq Kit (Promega) consisting of 6 µL H 2 O, 6 µL master mix (400 nM of each dNTPs and 3 mM MgCl 2 ), 1 mM of each primer, and 20 ng DNA. Amplifications were performed in an Eppendorf MasterCycler thermocycler using the following protocol: 96°C for 5 min, 28 cycles of denaturation at 94°C for 1 min, annealing at 50°-60°C for 1 min, and extension at 72°C for 1 min, with a final elongation step at 72°C for 7 min.
The PCR products were denatured and separated on 10% denaturing polyacrylamide gels, which were stained with silver nitrate. Alleles were sized by comparison to a standard 10-base pair (bp) (SSR) and 50-bp (ISSR) DNA ladder (Invitrogen, Carlsbad, CA, USA).
Statistical analysis
Genetic diversity characterization
ISSR markers
The polymorphisms obtained using ISSR were tabulated according to the presence (1) or absence (0) of bands. Each ISSR band was considered a single or bi-allelic locus, with an amplifiable allele and a null allele. The GenAlex Software 6.5 (Peakall and Smouse, 2012) was used to generate the genetic distance matrix and to calculate the Nei genetic diversity (H E ), number of alleles (N A ), effective number of alleles (N E ), and the percentage of polymorphic loci.
SSR markers
The GenAlex Software 6.5 (Peakall and Smouse, 2012 ) was used to calculate N A , N E , observed heterozygosity (H O ), expected heterozygosity (H E ), fixation index (F) and probability of exclusion first (P.Ex1) and second parent (P.Ex2). Adherence to Hardy-Weinberg equilibrium was analyzed using the program GDA (Lewis and Zaykin, 2002) . The frequency of null alleles and the linkage disequilibrium were analyzed using the program CERVUS 3.0 (Kalinowski et al., 2007) .
To analyze the differences between means, analysis of variance, followed by Student t-test for each pair of means, were performed.
Genetic structure
Genetic differentiation between populations was estimated from the coefficient of gene differentiation (G ST ) (Nei, 1973) and fixation index (F ST ) (Weir and Cockerham, 1984) parameters as well as using analysis of molecular variance (AMOVA, F ST ) (Excoffier et al., 1992) using the GenAlex 6.5 software (Peakall and Smouse, 2012) . The Popgene 1.31 software (Yeh et al., 1999) was used to calculate G ST based on ISSR marker data.
Ancestry and clustering analysis
The Structure 2.0 software (Pritchard et al., 2000) was used to investigate the genetic structure and ancestry of populations from cluster analysis based on models. The method assumes the existence of a K number of populations (or genetic groups), each with its own char-acteristic allele frequencies. The number K of populations was calculated using the Bayesian inference of probability. The software infers the most probable number of groups and assigns probabilistically the sampled individuals to each of the K clusters based on their genotypes. Each cluster consists of genetically similar individuals. The relationship of ancestry among individuals of the 3 populations was generated assuming a K value of 1-3. For this analysis, 3 models were generated with 10 6 Markov Chain Monte Carlo iterations and 30,000 Burn-in periods. The optimal value of K was chosen in accordance with a previous study (Pritchard and Wen, 2003) . From the matrices of genetic distance, principal coordinate analysis (PCoA) was performed using the GenAlex 6.5 (Peakall and Smouse, 2012) software. Additionally, the MEGA5 software (Tamura et al., 2011) was used to generate an unweighted pair group method with arithmetic mean dendrogram with the ISSR data.
RESULTS
Genetic diversity
ISSR markers
The 8 selected ISSR primers generated a total of 136 loci, with an average of 17 loci per primer. The number of loci per primer ranged from 11 (UBC#820) to 25 (UBC#2) ( Table  2 ). The proportion of polymorphic loci ranged from 78.68% (FAC-Crav), 83.09% (BSQ-Rib), and 89.71% (M13-Rib) ( Table 3) . H E was relatively high for all populations (0.31). No significant differences were observed between populations of the 3 fragments, except for the number of alleles, for which the population containing the M13-Rib fragment exhibited a statistically higher value (N A = 1.88) than the others. In the analysis between generations, juveniles had slightly higher values of diversity in all 3 populations, but no significant differences were observed between generations, suggesting the absence of loss of genetic variability between generations in all population groups. Data are reported as means ± SD. N A = number of observed alleles; N E = effective number of alleles; H E = Nei's genetic diversity; PL = number of polymorphic loci; PPL = percent of polymorphic loci. *P < 0.05 by Student t-test. N A = number of alleles; N E = effective number of alleles; H O = observed heterozygosity; H E = expected heterozygosity; F = fixation index; P.Ex1 = probability of exclusion for the first parental individual; P.Ex2 = probability of exclusion for the second parental individual; NAF = null alleles frequency. *Primers from Guidugli et al. (2012) . **Unpublished. 267 -N = number of individuals, K = total number of alleles; N A = number of alleles; N E = effective number of alleles; H O = observed heterozygosity; H E = expected heterozygosity; F = fixation index; CI-F = Jackknife confidence intervals for the fixation index. N A , H E , H E and F are reported as means ± SD. Table 5 . Genetic diversity in 3 populations of Metrodorea nigra analyzed using simple sequence repeat (SSR) markers.
SSR markers
All 7 SSR loci exhibited polymorphisms. A total of 104 alleles were amplified with an average of 14.85, ranging from 5 (Mtn 1) to 28 (Mtn 95) ( Table 4 ). The lowest observed heterozygosity was observed in the Mtn 1 locus (0.342) and highest in the Mtn 87 locus (0.735). Table 5 shows the diversity values obtained for all loci analyzed in the total set of individuals in each population.
For all loci except Mtn87, the genotype frequencies showed significant deviations from Hardy-Weinberg equilibrium. Analysis of individual populations revealed that FAC-Crav population had only 3 loci (Mtn 3, Mtn 13, and Mtn 95) that significantly deviated from HardyWeinberg equilibrium, while the M13-Rib and Rib BSQ populations contained 6 loci with significant deviations. Pairwise comparisons among loci did not indicate linkage disequilibrium after applying Bonferroni correction (99%, α = 0.01) for multiple comparisons, except for the Mtn 16 x Mtn 95 pair. These results suggest that these loci are suitable for parentage analysis. df = degrees of freedom; SS = sum of squares; EV = estimated variance; % = percent of the total variance.*P < 0.001. A different total number of alleles (K) was observed in the sample sets. The lowest value was observed among juveniles in the FAC-Crav population (K = 55) and the highest among juveniles in the BSQ-Rib (K = 69) population. For whole populations, the value of K ranged from 72 (FAC-Crav) to 80 (BSQ-Rib). There were no significant differences between the effective number of alleles of the populations. Populations exhibited high values of H O and H E (H O = 0.515, H E = 0.765, Rib-BSQ; H O = 0.513, H E = 0.704, M13-Rib; H O = 0.513, H E = 0.688, FAC-Crav); however, no significant differences between sample sets were observed. The value of F was positive and differed from zero for all populations, indicating heterozygote deficiency, likely because of inbreeding, or the presence of null alleles, whose frequency per locus is shown in Table 4 . Lower values of F were observed in FAC-Crav (0.180) and the highest population in the BSQ-Rib (0.329); however, the differences were not statistically significant.
Genetic structure
The genetic structure of populations of the 3 fragments was evaluated using 2 different methodologies in this study. According to AMOVA, most genetic variability was found within populations. ISSR analysis indicated a higher value (F ST = 0.27) than the analysis using SSR markers (F ST = 0.13). The F statistics analysis indicated low differentiation between populations (ISSR: G ST 0.159; SSR: 0.062 G ST and F ST 0.062), and a high value of historical gene flow between fragments (ISSR-Nm = 2.633; SSR-Nm = 7.510) (Tables 6 and 7 ).
The FAC-Crav and BSQ-Rib populations showed greater genetic similarity to each other than compared to the M13-Rib population, with higher values of genetic similarity obtained using ISSR ( 
Ancestry and clustering analysis
Ancestry analysis suggested that the studied populations could be divided into 3 genetic clusters. Of the 3 scenarios evaluated, the model assigned a value of K = 3 showed the highest logarithmic probability [log P (X|K)] in analysis with both markers. The obtained average values of α suggest low mixing between the 3 populations (ISSR, α = 0.0312 and SSR, α = 0.0557). The most "pure" population was from the FAC-Crav fragment, which displayed the highest proportions of genetic composition of a single cluster. The population showing the highest genetic mixing was the BSQ-Rib population; this result was most clearly observed in the analysis using SSR markers (Figure 2 ). PCoA (Figure 3 ) and the unweighted pair group method with arithmetic mean dendrogram generated using data obtained with ISSR (Figure 4) showed that the 3 populations formed separate groups. PCoA analysis was used to investigate the relative position of the population in a multidimensional space. Most of the variance was divided between the 2 first coordinates (38.89 and 21.77%). A scatter plot of these 2 coordinates clearly separated the 3 populations and illustrated absence of fully differentiated sub-populations within them. When the PCoA analysis was performed using data from SSR markers, the results generally revealed separation between populations. However, in the center of the graph, individuals in the 3 groups were mixed, indicating high similarity between them. Divergence between the analysis of the 2 markers was likely because of the smaller number of loci analyzed using SSR markers (only 7), despite that these markers were more informative.
DISCUSSION
Genetic diversity
Despite the differences in size and history of the 3 fragments examined in this study (FAC-Crav, BSQ-Rib, M13-Rib), all M. nigra populations exhibited high values of polymor- phism and genetic diversity with both molecular markers, which were efficient for differentiating the 200 sampled individuals. A smaller percentage of polymorphic loci and number of alleles were observed in the FAC-Crav and BSQ-Rib populations compared to the M13-Rib population, but none of the other parameters evaluated were statistically different between the 3 population groups, indicating that habitat reduction has little effect on the genetic variability of M. nigra.
No individual clone was identified. Despite the smaller size (3 ha), the BSQ-Rib fragment exhibited a larger number of alleles, indicating that the population had the highest genetic variability among the individuals analyzed. However, the population also exhibited a high value for F, indicating high deficiency of heterozygotes for this sample set. According to Nybom (2004) , a deficiency in heterozygotes observed in the microsatellite analyses may have been caused by the presence of null alleles within the studied loci.
The FAC-Crav population showed the lowest fixation index. Although small fragments generally show low values of diversity, the fragment FAC-Crav (8 ha) had a better conservation history and was more protected from disturbance than the BSQ-Rib and M13-Rib fragments.
No statistical differences between the diversity indices of the 2 generations were observed in the 3 populations using SSR analysis. Schwarcz et al. (2010) found values of H O and H E of 0.633 and 0.224, respectively, in natural populations of M. nigra in the São Paulo State using allozyme markers. These values were much lower than those found in the present study. However, allozymes generally exhibit lower polymorphism and smaller number of alleles than SSR markers, which may explain these differences. Similarly, F (0.641) was well above the values found in the 3 populations in the present analysis. These authors also found no significant differences between generations of adults and juveniles, or between populations of fragments of different sizes, which is a strong indication of the species' tolerance to the effects of fragmentation and habitat reduction.
The genetic diversity observed in M. nigra is in contrast with those expected for populations in small forest fragments, which often have lower genetic diversity and allelic richness because of genetic drift and increased inbreeding (Lowe et al., 2005) . High levels of genetic diversity in fragmented natural populations have also been reported in many tropical species such as Caesalpinia echinata (Cardoso et al., 1998) , Acrocomia aculeata (Oliveira et al., 2012) , Trichilia pallida (Zimback et al., 2004) , and Cariniana estrellensis (Guidugli, 2011) .
The polymorphism values obtained from ISSR analysis were similar to those observed by Zimback et al. (2004) (90.3-97 .3%) in populations of Trichilia pallida and by Zhang et al. (2013) (84-90%) in natural populations of Larix gmelinii.
The average number of alleles per SSR locus found in this study (14.85) was similar to those observed in other tropical tree species such as Eugenia uniflora (14.4; Ferreira-Ramos et al., 2008) and Euterpe edulis (14.7; Conte et al, 2006) . The index of genetic diversity in M. nigra (H E = 0.771) was consistent with those observed in other Brazilian forest species, including Cariniana legalis (0.721; Leal et al., 2014) , E. edulis (0.781; Conte et al., 2006.), E. uniflora (0.83; Ferreira-Ramos et al., 2008) , and Manilkara huberi (0.86; Azevedo et al., 2007) .
Thus, both the ISSR and SSR methods were effective for studying the genetic diversity of the forest species M. nigra, showing similar results for all analyzed aspects.
Genetic structure
Estimates of genetic differentiation between populations using dominant markers are often found by using the G ST parameter according to Nei (1973) or AMOVA (F ST ). In studies using ISSR, the mean values of the 2 estimators are typically quite similar. For studies using microsatellite markers, population differentiation is generally estimated using F ST (Weir and Cockerham, 1984) and G ST (Nybom, 2004) .
The results of analysis using ISSR markers showed greater genetic differentiation among populations than those obtained using SSR markers with AMOVA and both G ST and F ST parameters. Despite these differences, both markers suggest that there is reasonable differentiation between populations, although most of the genetic variability is distributed within populations.
Metrodorea nigra is described as a self-incompatible allogamous species, with barochoric seed dispersal. Its main pollinators include flies of the Muscidae and Fanniidae families which are attracted by the characteristic unpleasant odor of their flowers (Pombal and Morellato, 2000; Souza et al., 2008) . Outcrossing species and particularly tree species exhibit the highest genetic diversity within their populations (Hamrick, 1990) . The G ST values observed in this study (ISSR-G ST = 0.159; SSR-G ST = 0.062) agreed with those expected for outcrossing species (G ST < 19%) (Hamrick and Godt, 1996) . The high values of N m were also in agreement with those expected for tropical trees (Reis, 1996) , suggesting, despite that their isolation, the occurrence of strong historical gene flow between the 3 populations occurred, indicating a connection in the past.
Ancestry and clustering analysis
The ancestry analysis corroborated the results of unweighted pair group method with arithmetic mean cluster analysis and PCoA by assigning each of the 3 populations at a distinct genetic cluster. The α values observed in the analyses using both markers indicated low genetic mixing between populations. According to Falush et al. (2003) , α values greater than 1 indicate high genetic homogeneity and those near 0 indicate genetic differentiation values. The values obtained using ISSR (0.0312) were lower than those obtained using SSR markers (0.0557). This indicates that these markers show high resolution for differentiating individuals within populations, which is likely because of the higher number of loci obtained using this technique, despite its lower informativeness. The results obtained using both markers agreed with for the expected values for autochorous pollinating species and potential short pollen dispersal, maintaining the current reproductive isolation between the 3 populations.
CONCLUSIONS
Our results suggest that habitat reduction has little effect on the genetic variability of M. nigra, and larger fragments do not necessarily contain populations with greater genetic diversity. No differences between generations of adults and juveniles were observed in any of the 3 populations, indicating that the current pressures did not alter the genetic composition of the populations studied. However, the long-term effects of fragmentation and isolation of these fragments are difficult to predict. The observed high-density occurrence of the species indicates that the 3 remnants still possesses great conservation value, despite the small area and habitat disturbance. Isolation of the populations analyzed likely dates from the mid-19th century, when a large amount of native forest in the region was suppressed. Ancestry and cluster analysis showed that the 3 populations were likely connected in the past, given the high values of historical gene flow, but also showed a reasonable level of differentiation.
A more accurate conclusion regarding the habitat loss effects on forest species requires additional studies with a greater number of forest remnants of different sizes and historic of conservation.
